The tumor suppressor protein p53 is known to undergo cytoplasmic dynein-dependent nuclear translocation in response to DNA damage. However, the molecular link between p53 and the minus end-directed microtubule motor dynein complex has not been described. We report here that the 8-kDa light chain (LC8) of dynein binds to p53-binding protein 1 (53BP1). The LC8-binding domain was mapped to a short peptide segment immediately N-terminal to the kinetochore localization region of 53BP1. The LC8-binding domain is completely separated from the p53-binding domain in 53BP1. Therefore, 53BP1 can potentially act as an adaptor to assemble p53 to the dynein complex. Unlike other known LC8-binding proteins, 53BP1 contains two distinct LC8-binding motifs that are arranged in tandem. We further showed that 53BP1 can directly associate with the dynein complex. Disruption of the interaction between LC8 and 53BP1 in vivo prevented DNA damageinduced nuclear accumulation of p53. These data illustrate that LC8 is able to function as a versatile acceptor to link a wide spectrum of molecular cargoes to the dynein motor.
53BP1
1 is a large nuclear protein (1972 amino acid residues) that was originally identified as a p53-interacting protein in a yeast two-hybrid screen (1) . The protein was subsequently characterized as an activator of p53-dependent gene transcription (2) . The C-terminal end of 53BP1 contains two BRCA1 C terminus (BRCT) domains, a protein interaction module found in a number of proteins implicated in various aspects of cell cycle control, recombination, and DNA repair (3) (4) (5) (6) (7) . The tandem BRCT repeats of 53BP1 are responsible for binding to p53 (Fig. 1 , and Refs. 1, 8, 9) . Upstream of the BRCT repeats resides a Tudor domain, a globular module shown to interact with dimethylated Arg (10) . There are also multiple "(S/T)Q" motifs in the N-terminal region of 53BP1, and some of these (S/T)Q motifs have been shown to be phosphorylation sites of ataxia telangiectasia-mutated kinase (5, 11) . It has been proposed that 53BP1 acts as an adaptor protein responsible for recruiting/assembling various proteins in the ataxia telangiectasia-mutated and ataxia telangiectasia-mutated and rad3-related signaling pathways (12) .
In response to DNA damage, p53 accumulates in the nucleus (13) (14) (15) , where it transcriptionally activates a number of genes (e.g. p21 and mdm2) that are involved in growth arrest and apoptosis (16 -19) . The DNA damage-induced nuclear localization of p53 requires the minus end-directed microtubule motor dynein (20, 21) . Disruption of the motor activity of dynein by microinjection of an antibody against the intermediate chain (IC74) of the motor or overexpressing dynamitin (p50) results in impaired accumulation of p53 in the nucleus following DNA damage (20) . The molecular basis of dynein-mediated p53 nuclear trafficking is poorly understood, because p53 is not known to bind directly to the dynein motor complex. One would expect that certain adaptor protein(s) can act as a linker to couple p53 to the dynein motor. Identification of such adaptor protein(s) should provide insights into the dynein-mediated p53 nuclear trafficking. Recently, it was shown that hsp90/immunophilin complex might act as an adaptor to link p53 to a subunit of dynactin within the dynein motor complex in human colon cancer cells (22) .
Cytoplasmic dynein is a multisubunit protein complex (ϳ1.2 MDa) composed of two globular heads joined by flexible stalk domains to a common base. The base of the motor complex contains two 74-kDa intermediate chains (IC74), four light intermediate chains (52-61 kDa), and several light chains (10 -25 kDa) (23, 24) . The 8-kDa light chain (LC8, also named DLC8, PIN, and LC1) is a stoichiometric component of the cytoplasmic dynein complex (25) . LC8 has been highly conserved throughout evolution and has been shown to bind to a large array of proteins with diverse cellular functions. For example, LC8 was found to bind specifically to neuronal nitric oxide synthase (26) , to the proapoptotic member of the Bcl-2 family proteins Bim and Bmf (27, 28) , to the product of the Drosophila swallow gene (29) , to transcriptional regulator IB (30) , to guanylate kinase domain-associated protein (31) , to viral phosphoproteins (32, 33) , and to a number of proteins with unknown functions (34) . It has been suggested that LC8 acts as a versatile adaptor that links cargo proteins to the dynein motor (34 -37).
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§ Both authors contributed equally to this work. chemical dissection studies reveal that 53BP1 contains two distinct LC8-binding motifs that are arranged in tandem. Formation of the LC8⅐53BP1⅐p53 and 53BP1⅐LC8⅐dynein complexes suggests that 53BP1 can function to link p53 to the dynein complex. Disruption of the interaction between LC8 and 53BP1 in vivo prevented DNA damage-induced nuclear accumulation of p53. The data described in this work provide a distinct mechanism for dynein-mediated p53 nuclear trafficking.
MATERIALS AND METHODS
Yeast Two-hybrid Screening-Two-hybrid screening was performed as described previously (31) . Briefly, LC8 was cloned into pBHA (LexA fusion vector) and used to screen ϳ1 ϫ 10 6 clones of a human cDNA library constructed in pGAD10 (GAL4 activation vector, Clontech).
Expression Constructs-The plasmid containing the full-length 53BP1 with an N-terminal hemagglutinin (HA) epitope and a histidine tag (pCMH6K53BP1) were provided by Dr. Kuniyoshi Iwabuchi. Truncation and deletion mutants of 53BP1 were generated by PCR cloning. The plasmid encoding GFP-fused p53 (GFP-p53) was provided by Dr. Randy Poon.
For bacterial expression of 53BP1 and its truncation mutants, the corresponding DNA fragments were individually cloned into the EcoRI/ XhoI sites of the pGEX-4T1 expression vector (Amersham Biosciences). The GST-fused LC8 bacterial expression vector was generated by inserting LC8-coding DNA into the pGEX-4T1 vector by PCR cloning. The histidine-tagged p53 truncation mutant was constructed by inserting the p53 encoding gene into the EcoRI/BamHI sites of an in-housemodified pET32a vector.
Expression and Purification of Fusion Proteins-Bacterial expression of recombinant proteins was carried out using Escherichia coli BL21(DE3) as the host cells. To express GST-LC8 (or GST-53BP1), host cells containing the expression plasmid were grown in LB medium at 37°C to an A 600 of ϳ0.8. Expression of the fusion protein was induced by the addition of isopropyl-1-thio-␤-D-galactopyranoside to a final concentration of ϳ0.25 mM. Protein expression continued for ϳ3 h at 37°C before harvesting by centrifugation. The fusion proteins were expressed in soluble forms and purified using GSH-Sepharose affinity columns (Amersham Biosciences) following the manufacturer's instructions. The eluted proteins were dialyzed against phosphate-buffered saline (PBS) to remove the residual GSH. The dialyzed proteins were directly used for binding assay experiments. Expression of His 6 -p53 proteins followed the procedure described for the expression of GST-LC8. His 6 -p53 was purified by passing the cell lysate through a Ni 2ϩ -nitrilotriacetic acid affinity column (Novagen). The N-terminal His tag of the fusion protein was cleaved by thrombin digestion. The cleaved His tag and other contaminating proteins were removed by passing the digestion mixture through a gel-filtration column. Preparation of purified, untagged LC8 has been described in our earlier work (38) .
Cell Cultures and Transfection-HEK293 and H1299 cells were cultured in Dulbecco's modified essential medium containing 10% fetal bovine serum (Invitrogen) and penicillin/streptomycin at 37°C in a humidified, 5% CO 2 incubator. For transient transfection, cells were plated on a 10-cm Petri dish (Falcon) to ϳ70% confluence and then were transfected with an appropriate amount of DNA using a Lipofectamine transfection kit (Invitrogen) following the manufacturer's instructions. Transient expression of transfected proteins was allowed to continue for 24 -48 h.
Immunoblot Analysis-Anti-HA monoclonal antibody was purchased from Sigma, Anti-IC74 antibody was provided to us by Dr. K. Kevin Pfister, and anti-p150
Glued antibody was from BD Biosciences. SDS-PAGE gel-resolved proteins were electrotransferred to a nitrocellulose membrane in a transferring buffer. Membranes were incubated with 10% skim milk, 0.1% Tween 20 in Tris-buffered saline and then probed with respective antibodies. Protein bands on Western blots were visualized by an enhanced chemiluminescent detection kit (ECL, Amersham Biosciences).
Pull-down Experiments-GST-LC8 (10 g each) was mixed with HEK293 cell lysates (100 g of total protein) containing HA-tagged full-length 53BP1 or HA-tagged 53BP1 truncation mutants. The GST-LC8-containing complexes were precipitated with fresh GSH-Sepharose beads. The pelleted beads were washed extensively with PBS buffer and subsequently boiled with 2ϫ SDS-PAGE sample buffer. The proteins were first resolved by SDS-PAGE and subsequently analyzed by immunoblot analysis. The assay of the direct binding between LC8 and various purified GST fusion proteins followed the same method as described in our earlier work (34) .
HIV-1 Tat Fusion Peptide Experiments-
The following peptides were synthesized and HPLC-purified. The underlined sequences of the peptides correspond to the protein transduction domain of HIV-1 Tat amino acid 47-57 (Tat). YGRKKRRQRRRSYSKSTQTT (Tat-KSTQTT) and YGRKKRRQRRRSYSKSAAAT (Tat-KSAAAT). H1299 cells transfected with GFP-p53 were washed with PBS and replenished with fresh Dulbecco's modified essential medium. Adriamycin (ADR, 0.4 g/ml) and different concentrations of Tat-peptides were added into the medium and incubated at 37°C for 60 min. Fresh fetal bovine serum was added to the cells to a final concentration of 10%, and cells were cultured for another 2 h. At this point, the cells were washed twice with PBS, fixed with 4% paraformaldehyde/PBS, and permeabilized with 0.2% Triton X-100/PBS. The nuclei were stained with 4Ј,6-diamidino-2-phenylindole and then examined by fluorescence microscopy.
RESULTS

Identification of 53BP1 as a LC8-binding Protein-A yeast
two-hybrid screen of a human brain cDNA library using LC8 as the bait was carried out to identify potential LC8-binding proteins. Among many positive clones identified (34) , one encodes a fragment of 53BP1 (residues 1047-1313, Fig. 1A ). The interaction between LC8 and 53BP1 was confirmed in an in vitro pull-down experiment (Fig. 1B) . When expressed in HEK293 cells, the 53BP1 fragment isolated from the yeast two-hybrid screen was shown to interact robustly with GST-LC8 (Fig. 1B,  lane 1 in the second panel) . In addition, HA-tagged, full-length 53BP1 could be specifically and robustly pelleted by purified recombinant GST-LC8 attached to GSH-Sepharose beads (Fig.  1B, lane 1 in the first panel) . When the two proteins were co-expressed in HEK293 cells, 53BP1 and LC8 formed a tight complex that could be efficiently immunoprecipitated from cell lysates (Fig. 1C, lane 1) .
The LC8-binding fragment of 53BP1 isolated from the yeast two-hybrid screen partially overlapped with the KLR domain of the protein. Removal of the amino acid residues that overlap with the KLR domain (residues 1178 -1313) generated a 65-residue peptide fragment corresponding to amino acid residues 1113-1177 of 53BP1. This 65-residue fragment was found to bind robustly to LC8 (Fig. 1B, lane 1 in the third panel) . Deletion of this 65-residue fragment from the full-length 53BP1 completely abolished its binding to LC8 (Fig. 1B, lane 1  in the bottom panel) . Taken together, the data in Fig. 1 demonstrate that 53BP1 can specifically bind to LC8, and the 65-residue fragment N-terminal to the KLR domain is necessary and sufficient for 53BP1 to bind to LC8.
53BP1 Contains Two Distinct LC8-binding Motifs-In our earlier work, we showed that LC8 binds to multiple target proteins via a consensus (R/K)XTQT motif (where "X" is variable amino acids) ( Fig. 2A and Ref. 34) . Inspection of the amino acid sequence reveals that the 1169 AATQT 1173 sequence within the 65-residue LC8-binding fragment of 53BP1 resembles this consensus LC8-binding motif (Fig. 2C) . To determine whether the 1169 AATQT 1173 sequence is indeed the LC8-binding motif of 53BP1, we deleted three residues (TQT) from the 65-residue LC8-binding fragment of 53BP1 (Fig. 2C) . Earlier biochemical and structural studies indicated that deletion of the TQT cassette from the consensus (R/K)XTQT motif was sufficient to disrupt its LC8-binding capacity (34, 36) . To our surprise, the 1171⌬ TQT 1173 deletion mutant of 53BP1 could still bind to LC8 (Fig. 2D, second lane) . This outcome suggested that either the 1169 AATQT 1173 sequence is not the authentic LC8-binding motif or this sequence is not the only LC8-binding motif. It is known that some LC8 target proteins do not contain the (R/ K)XTQT motif in their LC8-binding domains (31, 34, 36, 39,  40 ). For example, the 239 GIQVD 243 sequence of neuronal nitricoxide synthase (nNOS) plays a central role in the binding of the enzyme to LC8 (36, 39) . We also found that another LC8-binding protein, GKAP, contains two GIQVD-like motifs (Fig.  2B) and that both motifs are involved in LC8-binding. 2 The 65-residue LC8-binding fragment of 53BP1 also contains a GIQVD-like motif ( 1153 GIQTM 1157 ). This motif is located slightly upstream of the 1169 AATQT 1173 motif (Fig. 2, B and C) . To test if the 1153 GIQTM 1157 motif of 53BP1 plays an active role in LC8 binding, we deleted the 1153 GIQ 1155 cassette from the 65-residue LC8-binding segment of 53BP1 and assayed the LC8-binding capacity of the mutant. Again, based on earlier structural and mutagenesis studies, deletion of the GIQ-cassette would abrogate the GIQVD motif-mediated LC8 binding (36, 39) . In contrast to our prediction, the 1153 GIQ 1155 -deletion mutant of 53BP1 also interacted with LC8 (Fig. 2D, first lane) , indicating the involvement of other regions of 53BP1 in LC8 binding. We next generated a double deletion mutant with both the 1153 GIQ 1155 and the 1171 TQT 1173 cassettes removed. This double mutant showed no detectable LC8 binding (Fig. 2D,  third lane) . Taken together, we conclude that 53BP1 contains two distinct LC8-binding motifs with amino acid sequences of 1153 GIQTM 1157 and 1169 AATQT 1173 . We expect that the 1169 AATQT 1173 motif of 53BP1 binds to LC8 in an essentially identical manner as does the (R/K)XTQT motif, because we earlier showed that mutation of the positively charged Arg/Lys in the motif to an Ala introduced very limited changes to LC8 binding (34) . Therefore, we chose not to characterize the interaction between the 1169 AATQT 1173 motif of 53BP1 and LC8 in further detail. In contrast, the nature of the interaction between the 1153 GIQTM 1157 motif of 53BP1 and LC8 remains uncertain because of the sequence divergence between this motif and the LC8-binding domain of nNOS (the only well characterized LC8-binding protein without an (R/ K)XTQT motif). We next studied the interaction between the 1153 GIQTM 1157 motif of 53BP1 and LC8 in more detail. To test the binding of the GIQTM motif to LC8, we used a 13-residue synthetic peptide corresponding to 1149 beled LC8 with the peptide using NMR spectroscopy. In the presence of sub-stoichiometric amount of the GIQ-peptide, we observed two distinct sets of backbone amide peaks in the 1 H, 15 N HSQC spectra of LC8/peptide mixtures. These two sets of resonances correspond to the peptide-bound form and the free form of LC8. The slow exchange of the peptide-bound form and the free form of LC8 observed in the NMR sample tube indicate that the GIQ-peptide binds to LC8 with high affinity. The LC8 dimer was saturated upon addition of a two molar ratio of the GIQ-peptide (Fig. 3A) , indicating that each LC8 dimer binds to two molecules of the GIQ-peptide. The specificity of the binding of the GIQ-peptide to LC8 was further demonstrated by the does-dependent competition between the GIQpeptide and the full-length 53BP1 for binding to LC8 (Fig. 4A) .
We next investigated which regions of LC8 are involved in the GIQ-peptide binding. We used the well established minimum chemical shift perturbation approach to map the GIQpeptide-binding region on LC8 by taking the advantage of complete chemical shift assignment of the free form of LC8 (36) . by the GIQ-peptide binding. The inset in Fig. 3B shows the GIQ-peptide-induced chemical shift changes mapped on to the backbone structure of the LC8 dimer (36) . The data clearly show that amino acid residues in the ␤2-strand, ␤1/␤2-loop, ␤2/␤3-loop, and the N-terminal part of ␣2-helix are involved in the GIQ-peptide binding. The GIQ motif peptide-induced chemical shift perturbation profile of LC8 is highly similar to that induced by the LC8-binding peptide derived from nNOS (36, 38) . Therefore, we conclude that the GIQ-peptide of 53BP1 is likely to bind to the common target accommodating groove of LC8 by forming antiparallel ␤-sheet with the ␤2-strand of LC8 (36) . Furthermore, the GIQ motif represents another consensus LC8-binding sequence found in a number of LC8 target proteins, including 53BP1, nNOS, and GKAP (Fig. 2B) .
53BP1 Forms a Ternary Complex with LC8 and p53-Because the LC8-binding domain and the p53-binding domain on 53BP1 do not overlap, we hypothesized that 53BP1 may function as a scaffold protein assembling p53 and LC8 into a protein complex. To test this hypothesis, we assayed the potential ternary complex formation using purified recombinant GST-53BP1, p53, and LC8. We used the DNA-binding core domain (residues 94 -292) of p53 for the binding assay as this fragment is known to be sufficient for binding to 53BP1 (8, 9) . Data in Fig. 5A demonstrate that GST-53BP1 can simultaneously bind to p53 and LC8 (lane 1). As expected, GST-53BP1 can efficiently bind to p53 only when these two proteins are mixed (Fig. 5A, lane 2, and Fig. 5B, lane 2 top panel) . In contrast, no direct interaction was observed between p53 and LC8 (Fig. 5B,  lane 2 bottom panel) . Consistent with the observation shown in Fig. 5A , GST-LC8 can pull-down p53 only when 53BP1 is co-expressed in HEK293 cells (Fig. 5C, lane 2) .
We then asked whether 53BP1 can directly associate with the dynein complex. This is particularly relevant for establishing a physical connection between the LC8⅐53BP1 complex and the dynein motor, because LC8 has been found to bind to a number of proteins other than the dynein complex. We overexpressed HA-53BP1 in HEK293 cells and found that HA-53BP1 could specifically pull down the endogenous intermediate chain as well as the p150
Glued dynactin subunit of the cytoplasmic dynein complex (Fig. 5D) . Taken together, the data shown in Fig. 5 indicated that LC8 is capable of linking the 53BP1 to the dynein complex in vivo.
The LC8/53BP1 Interaction Regulates DNA Damage-induced p53 Nuclear Accumulation-Recently, it has been demonstrated that the functional dynein is required for DNA damage-induced p53 nuclear accumulation (20, 21) . However, the molecular mechanism of the dynein-dependent nuclear accumulation of p53 has not been described. The formation of the p53⅐53BP1⅐LC8 complex described in this work suggests that LC8 may link the p53⅐53BP1 complex to the dynein motor. If this prediction were true, disruption of the LC8⅐53BP1 interaction would compromise dynein-dependent p53 nuclear accumulation. To disrupt the interaction between LC8 and 53BP1, we used a 9-residue synthetic peptide with amino acid sequence of SYSKSTQTT (referred to as KSTQT-peptide). This peptide contains the well characterized KXTQT motif and specifically binds to the target-receiving grooves of the LC8 dimer (34, 36, 37) . As expected, this KSTQT peptide was able to disrupt the LC8⅐53BP1 interaction in a does-dependent manner (Fig. 4B) . A control peptide with Ala residues replacing both the Thr and Glu residues in the KXTQT motif (called the KSAAA-peptide) was not able to disrupt the LC8 -53BP1 interaction (Fig. 4C) . To test the function of the LC8⅐53BP1 complex in p53 nuclear accumulation in vivo, we fused the KSTQT motif peptide to the C terminus of the membrane penetrating domain of HIV-1 Tat (Tat-KSTQT peptide) (41, 42) . Tat-fused peptides are widely used to facilitate internalization of synthetic peptides into living cells (41, 43) . Inclusion of micromolar concentration of the Tat-KSTQT peptide in the cell culture media resulted in significant reduction of ADR-mediated p53 nuclear accumulation (Fig. 6A, left panels) . Quantitative analysis showed that the Tat-KSTQT-mediated block of p53 nuclear accumulation is dose-dependent (Fig. 6B) . At a peptide concentration of ϳ50 M in the culture media, p53 remained in the cytoplasm in the majority of the cells (Fig. 6, A and B) . Consistent with earlier studies, nearly all cells showed exclusive nuclear localization of p53 when the Tat-KSTQT peptide was left out of the culture medium (Fig. 6B and Refs. 20 and 21). In contrast, inclusion of the Tat-KSAAA-peptide in the culture medium at concentrations up to 50 M did not lead to detectable inhibition of ADR-mediated p53 nuclear accumulation (Fig.  6A, central panels) . As a control, p53 displayed diffused localizations in both cytoplasm and nucleus when neither the Tat-KSTQT peptide nor ADR was included in the culture media (Fig. 6A, right panels) . To eliminate potential artifacts that might be introduced by the Tat fusion tag, we used the C FIG. 4 . Synthetic peptides containing either class of LC8-binding motifs specifically compete with 53BP1 for binding to LC8. A, the GIQ-peptide competes with 53BP1 for LC8 in a dose-dependent manner. Due to the limited solubility of the GIQ-peptide in the aqueous buffer, a peptide stock solution was prepared by dissolving the sample in Me 2 SO. The volume of Me 2 SO was kept to Ͻ5% of the total volume and remained the same in each assay mixture. B, the KSTQT-peptide competes for binding to with 53BP1 for LC8 in a similar dose-dependent manner as the GIQ-peptide. C, substitution of the critical TQT cassette with the AAA cassette in the KSTQT-peptide completely abolished the LC8-binding capacity of the peptide.
terminus of the Antennapedia homeodomain peptide (Antp) to facilitate internalization of synthetic peptides into living cells (41, 43) . We observed that the Antp-KSTQT peptide displayed a similar dose-dependent inhibition of ADR-mediated GFP-p53 nuclear accumulation (data not shown).
DISCUSSION
In this work, we discovered that 53BP1 is a specific binding partner of LC8, the smallest light chain of cytoplasmic dynein. We further showed that 53BP1 can act as an adaptor to assemble p53 and LC8 into a ternary complex. Additionally, we demonstrated that 53BP1 can directly associate with the dynein complex. We note that 53BP1 is a unique LC8-binding partner when compared with numerous known LC8-binding proteins. 53BP1 contains two distinct LC8-binding motifs located ϳ10 residues apart ( 1153 GIQTM 1157 and 1169 AATQT 1173 ). The LC8 binding motifs are located upstream of the KLR domain and do not overlap with any known protein binding sites on 53BP1. Of the two LC8-binding motifs, one (the 1169 AATQT 1173 motif) is highly similar to the previously identified (K/R)XTQT motif (34) . In our earlier study, we showed that mutation of the positively charged Lys to an Ala in the (K/R)XTQT motif had a very limited impact on the binding of the peptide to LC8. Therefore, the synthetic peptide containing the 1169 AATQT 1173 motif of 53BP1 is likely to be a fully functional LC8-binding peptide. The other specific LC8-binding motif (the 1153 GIQTM 1157 motif) resembles the GIQVD LC8-binding sequence identified in nNOS (36, 38, 39) and GKAP (40) . We conclude that the GIQVD-like motif represents another consensus LC8-binding sequence in addition to the previously identified (K/R)XTQT motif. Identification of the second general LC8-binding motif will help us to understand the interactions between LC8 and a growing number of target proteins.
It is somewhat intriguing that 53BP1 contains two distinct LC8-binding motifs in 53BP1. Biochemical and structural studies have shown that both motifs, when isolated, are able to bind specifically to LC8 (Refs. 36 and 39 and this study). The LC8 dimer is likely to be assembled into the dynein motor by binding to the KETQT motif of the dynein intermediate chain using one of its two symmetric binding grooves (34, 44) . It has been proposed that the other target binding groove of the LC8 dimer is used to attach cargo proteins to be transported to the dynein complex (36) . Under this scenario, one LC8-binding motif should be sufficient for 53BP1 to attach to the dynein motor. It is possible that one of the LC8-binding motifs identified from this study is accessible in the full-length 53BP1 under cellular conditions. The other possible explanation for having two LC8-binding sites immediately next to each other within one protein is to raise the LC8 target concentration, such that 53BP1 is always attached to the dynein complex. Our in vitro binding studies indeed showed that the full-length 53BP1 and its fragments containing both LC8-binding sites all showed stronger binding to LC8. However, we were not able to obtain quantitative binding data between 53BP1 and LC8 due to the poor quality of the recombinant 53BP1.
The identification of 53BP1 as a binding partner of the dynein complex suggests that 53BP1 can function as an adaptor protein capable of linking p53 as well as other 53BP1-binding proteins to the microtubule motor. Our finding provides a possible molecular explanation for dynein-mediated p53 nuclear accumulation (20, 21) . Consistent with this notion, disruption of the interaction between 53BP1 and LC8 (and therefore the dynein complex) in vivo using a cell-permeable LC8-binding inhibitory peptide (Tat-KSTQT-peptide) compromised DNA damage-induced p53 nuclear accumulation (Fig. 6) . Although less likely, it is possible that the Tat-KSTQT-peptide-induced p53 trafficking changes might result from changes of interactions between LC8 and its binding targets other than the dynein complex, considering that the majority of cellular LC8 is not associated with dynein (25) . Recently, it was reported that the hsp90⅐immunophilin complex can also function as an adaptor to linker p53 to the dynein motor in human colon cancer cells (22) . Given the paramount functions of p53, it is perhaps not surprising that multiple molecular mechanisms are involved in transporting p53 to nuclei in response to different stress signals.
53BP1 is a large multimodular protein containing ϳ2000 amino acid residues. The protein functions as an adaptor/scaffold capable of binding to a large array of proteins in the ataxia telangiectasia-mutated and ataxia telangiectasia-mutated and rad3-related signaling pathways (12) . One can envisage that the protein complexes assembled by 53BP1 are extremely large and that such complexes will need molecular motors such as dynein to be actively transported in living cells. Under most cellular conditions, 53BP1 is localized in the nucleus (3) (4) (5) 45) . It is possible that the dynein complex plays an active role in constitutively shuttling 53BP1 complexes into the cell nuclei. Further experiments are required to test this hypothesis.
